The Arabidopsis thaliana HAL3 gene product encodes for an that is related to plant growth and salt and osmotic tolerance. AtHal3 shows sequence homology to ScHal3, a regulatory subunit of the Saccharomyces cerevisae serine/threonine phosphatase PPz1. It has been proposed that AtHal3 and ScHal3 have similar roles in cellular physiology, as Arabidopsis transgenic plants that overexpress AtHal3 and yeast cells that overexpress ScHal3 display similar phenotypes of improved salt tolerance. The enzymatic activity of AtHal3 has not been investigated. However, the AtHal3 sequence is homologous to that of EpiD, a flavoprotein from Staphylococcus epidermidis that recognizes a peptidic substrate and subsequently catalyzes the α,β-dehydrogenation of its C-terminal cysteine residue.
Introduction
The Arabidopsis thaliana HAL3 gene encodes for a flavin mononucleotide (FMN) binding protein (AtHal3) which upon over-expression in transgenic Arabidopsis plants produces an altered growth rate and improved salt and drought tolerance [1] . The amino acid sequence of AtHal3 shows homology to several other eukaryotic and prokaryotic proteins: the DFP family of prokaryotic flavoproteins involved in DNA synthesis [2] ; the Staphylococcus epidermidis epidermin-modifying enzyme EpiD [3] , an enzymatically well-characterized flavoprotein; a group of uncharacterized eukaryotic proteins from rice, mouse, humans, Drosophila melanogaster and Caenorhabditis elegans [1] ; and the core domain of Hal3 from Saccharomyces cerevisiae (ScHal3) and Candida tropicalis [4, 5] .
The homology of AtHal3 to ScHal3 is of particular significance as it has been proposed that AtHal3 and this eukaryotic protein have a similar role in cellular physiology [1, 6] . ScHal3 is a protein that regulates the PPz1 type 1 protein phosphatase via direct interaction [7] . Previous work has shown that PPz1 and ScHal3 have opposing pleiotropic effects on cell-wall stability, salt tolerance and cell-cycle progression [4, [6] [7] [8] [9] . However, neither the requirement for an FMN cofactor nor enzymatic activity has been reported for ScHal3.
Espinosa-Ruiz et al. [1] showed that the overexpression of AtHal3 in A. thaliana produces similar phenotypes to those previously reported for ScHal3 in yeast. In addition, the authors showed that overexpression of AtHal3 in a yeast mutant lacking ScHal3 partially rescues the phenotypes of ScHal3. Taken together, this information suggests that the function of AtHal3 is conserved between yeast and plants.
In this work, we present the X-ray structure of AtHal3 at 2.0 Å resolution. The structure provides evidence that AtHal3 and its homologous proteins represent a new functional FMN-binding domain with a similar fold to those of unrelated families of flavoproteins. Structural data, together with previously reported physiological and biochemical information from other proteins with similar sequences, allow us to propose a model for the recognition and regulation of AtHal3/ScHal3 cellular partners.
Results and discussion
The X-ray structure of the FMN-binding protein AtHal3 was solved by single isomorphous replacement with anomalous scattering (SIRAS) at 2 Å resolution (see Table 1 and Materials and methods section).
Description of the structure
AtHal3 is a trimer with a threefold symmetry axis coincident with the crystallographic threefold axis (Figure 1) . Hence, only a peptidic subunit is found for each asymmetric unit. The trimer can be described as a flattened triangular prism with a width of ~66 Å side and height of 25 Å. Approximately 25% of the residues and the FMN groups in each protomer are involved in trimer formation ( Figure 2 ) [10] . There is a 17.8% decrease of the solventaccessible surface area per protomer on trimerization (the total accessible surface of a protomer is 7846 Å 2 and 1398 Å 2 of this area becomes buried on trimerization; see Materials and methods section). This value is in agreement with those calculated for molecules of similar molecular weight that form biological homodimers [10] . Gel-filtration chromatography experiments show that AtHal3 is also a trimer in solution (see Materials and methods section). Figure 3 illustrates the three-dimensional structure of one AtHal3 subunit. AtHal3 is an α/β protein consisting of a six-stranded parallel β sheet sandwiched between two layers of α helices ( Figure 3 ). In order to find similar structures to AtHal3, the atomic coordinates were submitted to the DALI server [11] . This server automatically compares
Figure 1
Ribbon representation of the AtHal3 structure viewed along the threefold axis defining the trimer. Each protomer is shown in a different color; the N and C termini are labeled. FMN groups are displayed in ball-and-stick mode. a query structure with those available in the Protein Data Bank (PDB) [12] . Nine of the ten best fits to the AtHal3 structure corresponded to NAD(P)-binding Rossmannfold domains, and the remaining one corresponded to a flavodoxin-like domain [13] .
A systematic study of the SCOP database [13] revealed that FMN-binding proteins exhibit one of four folds: the β/α (TIM)-barrel fold; the flavodoxin-like fold; the pyridoxine 5′-phosphate (PNP) oxidase-like β-barrel fold; or the α + β NADH oxidase/flavin reductase fold. As mentioned above, the AtHal3 fold is topologically similar to that of flavodoxin [14] . There are, however, several structural differences between them (Figures 3b and 4a) . First, the central β sheet of AtHal3 is constructed with six strands ordered 321456, whereas that of flavodoxin consists of five β strands ordered 21345. Second, only 47 Cα atoms of AtHal3 present structural equivalents in flavodoxin (root mean squared deviation [rmsd] of 1.1 Å, with a criteria of 2.0 Å for considering atoms to be aligned; for 72 Cα atoms with a criteria of 3.0 Å the rmsd was 1.7 Å; see Materials and methods section). Third, the FMN group binds to a different site on each protein. Finally, AtHal3 is trimeric whereas flavodoxin is monomeric; none of the equivalent residues in AtHal3 and flavodoxin belongs to the helices involved in AtHal3 trimerization (i.e., α3a, α3b, α4a and α4b). In addition, AtHal3 and flavodoxin do not exhibit any sequence similarity, not even in residues involved in FMN binding (data not shown). Hence, we propose that AtHal3 defines a new subgroup of the family of FMN-binding proteins.
The AtHal3 structure was also compared with all known flavin adenine dinucleotide (FAD) binding folds, because this cofactor contains the entire FMN moiety. As with the FMN-binding proteins, the structural repertoire of the FAD-binding proteins is quite diverse and includes proteins belonging to the all-α class, α/β class, α + β class, and all-β class [13] . Our study revealed that the middle domain of pyruvate oxidase [15] and AtHal3 present the same overall topology (α/β class, deoxyhypusine synthase (DHS) like NAD/FAD-binding domain fold [13] ; Figure 4b ). As in the case of flavodoxin, however, the AtHal3 residues that belong to helices involved in trimerization do not have structural equivalents in pyruvate oxidase (using a criteria of 2.0 Å, 43 Cα atoms of AtHal3 align with structural equivalents in pyruvate oxidase with an rmsd of 1.0 Å; if the criteria is 3.0 Å, 64 Cα atoms align with an rmsd of 1.8 Å). Remarkably, the FMN PO 4 moiety of AtHal3 and the FAD PO 4 moiety of pyruvate oxidase are structurally equivalent. On the other hand, the ribitol and isoalloxazine moieties are bound to the proteins in opposite directions.
As shown previously [1] and in this article, AtHal3 presents different structural and functional properties to flavodoxin and pyruvate oxidase. It is interesting to note, however, that AtHal3 adopts a similar fold to these unrelated families of flavoproteins.
The FMN-binding site
The FMN group is located at the interface between two adjacent protomers ( Figure 1 ). The aromatic isoalloxazine
Research Article Structure of the FMN-binding protein AtHal3 Albert et al. 963
Figure 2
Alignment comparing the amino acid sequences of AtHal3, the core domain of ScHal3 and EpiD. The alignment of AtHal3 and the core domain of ScHal3 is taken from [1] where all the homologous proteins belonging to eukaryotic organisms are aligned. The positions of the AtHal3 secondary structure elements determined from the crystal structure are shown above the AtHal3 sequence: β strands are shown as blue arrows and α helices as yellow rectangles. Residues that are identical in all sequences are shown in red. Residues involved in AtHal3 trimer formation are enclosed in green boxes (residues involved in trimerization are defined as those residues with an accessible surface area that decreases by >1 Å 2 upon trimer formation in AtHal3). Black dots, shown under the EpiD sequence, denote residues in AtHal3 with a surface area that decreases by >1 Å 2 owing to the presence of the FMN group. Hydrogen bonds between the FMN group and protein residues are shown as triangles (the blue triangle denotes a hydrogen bond to a residue of an adjacent protomer). 
Structure moiety is placed in a hydrophobic pocket constructed from residues of two adjacent subunits (Figure 5a ), although all the hydrogen bonds between the protein and isoalloxazine are made with one subunit. Interestingly, SerA29 OG and AlaA107 N, which hydrogen bond to the isoalloxazine N3 and O2 atoms, respectively, are conserved in AtHal3-related proteins ( Figure 2 ). AlaA107 NH, at the N terminus of the α4a helix, provides the positively charged environment of the N1-C2 = O2 locus found in flavoenzymes that catalyze a dehydrogenation reaction [16] (Figure 5a ). The isoalloxazine N5 atom is not hydrogen bonded to any protein donor, as in vanillylalcohol oxidase [17] and glycolate oxidase [18] . These enzymes exhibit a relatively high (> -25 mV) redox potential. It has been proposed that the hydrogen bond to N5 destabilizes the protonated reduced cofactor, hence decreasing the oxidative power of the cofactor [16] . It is also known that the reduction of the FMN group is hindered by the presence of negatively charged residues in the FMN-binding site or by coplanar aromatic π-π interactions between aromatic residues and the isoalloxazine moiety of the FMN group [19] . Neither negatively charged residues nor π-π stacking interactions are found around the isoalloxazine ring in AtHal3. On the contrary, three T-type aromatic interactions [20] , between the aromatic moiety of the FMN group and PheA59, TrpB78 and TrpB81, will stabilize a reduced intermediate (Figure 5b ). The re side of the isoalloxazine ring defines a small cavity made up primarily of hydrophobic residues with the exception of a diad, HisB90-GluB77 (Figure 5b ). The accessible volume of this cavity is defined by a system of four water molecules located in a plane 3.7 Å above the re side of the isoalloxazine ring. This water system is flanked by loops connecting β5 with α5a, α4a with α4b and by the His90-Glu77 diad. These facts together with the structural relationship between the FMN-binding site AtHal3 and the flavin-dependent dehydrogenases, indicates that AtHal3 should be a functional redox flavoenzyme and that the cavity at the re side of the isoalloxazine ring defines the active site.
The phosphate and ribitol moieties of FMN are hydrogen bonded mainly to residues that belong to one AtHal3 subunit. Among them, GlyA28, SerA55, ThrA109 and CysB118 are conserved in AtHal3-related proteins. ThrA53 and SerA106 align with a threonine or a serine residue in ScHal3 and EpiD, respectively ( Figure 2 ). Both AtHal3 and pyruvate oxidase use the polarity provided by the N terminus of the small α2a helix to bind the PO 4 moiety (Figure 4b ). ThrA53 at the end of this helix is a conserved residue and structurally equivalent in both enzymes. On the other hand, flavodoxin uses the polarity of the N terminus of α1 to bind the FMN PO 4 moiety (Figure 4a ). Despite the large number of polar groups in the ribitol moiety, only two ribitol hydroxyl groups are hydrogen bonded to the protein.
Description of the molecular surface
Each lateral side of the trimer defines an elongated groove, capped by a mobile flap (residues Lys171-Ala182), The electrostatic charge potential at the molecular surface of the trimer produces an intrinsic dipolar moment in the direction of the central threefold axis (see Materials and methods section). This is a consequence of the apposite charge distributions on both sides of the trimer. The acidic side displays a cavity partially filled by a metal atom lying at the threefold axis. The electron-density map at this site shows this atom to be octahedrally coordinated to six water molecules, suggesting a high affinity for metals at this site. Neither the presence of the metal site nor a functional role has been reported for any of the AtHal3-related proteins. Total reflection fluorescence techniques (see Materials and methods section) were used to identify the chemical nature of this metal atom. The results are consistent with one nickel atom per trimer. The purification step using nickel-binding affinity chromatography (see Materials and methods section) can explain the source of this atom; hence, the metal site observed in the electrondensity map was assigned as a nickel atom for further structure refinement.
Comparison of AtHal3 with the homologous protein EpiD
The enzymatic activity of AtHal3 and ScHal3 has not been reported. There is, however, a striking sequence similarity between the FMN-dependent EpiD protein and AtHal3 (Figure 2 ). EpiD is a flavoprotein involved in the maturation of the peptidic lantibiotic epidermine [3, 21] . EpiD specifically recognizes the gene product EpiA, the peptidic precursor of epidermine, and subsequently catalyzes an α,β-dehydrogenation of the EpiA C-terminal cysteine residue.
A significant number of AtHal3 residues involved in trimer formation and FMN-binding are conserved, or display a conservative change, in ScHal3 (percentage identity 38.3%; percentage similarity 75.0%) and in EpiD (38.3% and 66.7%; Figure 2 ). Hence, we propose that ScHal3 and EpiD should form trimers, having similar structures and functions to AtHal3.
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Figure 4
Stereoview Cα traces for the aligned structures of (a) AtHal3 (yellow) and flavodoxin (blue), and (b) AtHal3 (yellow) and pyruvate oxidase (red). The FMN and FAD groups are displayed in ball-and-stick mode. Atoms belonging to AtHal3 FMN are shown in CPK colors. The coordinates of flavodoxin and pyruvate oxidase were obtained from the PDB (entry codes 2FX2 and 1POX, respectively).
Several structural features suggest that AtHal3 might catalyze the α,β-dehydrogenation of a peptidyl cysteine residue as does EpiD. First, a cysteine sidechain fits perfectly into the accessible volume of the active site (Figure 6a ). Second Fraaije and Mattevi [16] revealed that flavoenzymes that catalyze a substrate dehydrogenation show a striking similarity in the position of the ligand atoms being dehydrogenated by the flavin group. The site of the oxidative attack typically binds in front of the flavin N5 and an adjacent group is also required to facilitate the formation of a double bond in the oxidized product. In AtHal3, the system of water molecules that define a plane above the re side of the FMN group mimics the position of a peptidyl cysteine substrate according to the structural analysis presented by Fraaije and Mattevi [16] (Figures 5b and 6b) . Water molecule W43, above flavin N5, is located where the oxidative attack would take place and mimics the CA atom of the peptidyl cysteine. Water molecules W20 and W61 would correspond to the positions of the SG and the CB atoms of the cysteine sidechain, respectively. In this situation, the thiol group (W20 in the crystal structure) would be activated by two hydrogen bonds formed to AsnA142 NH and the N3 atom of FMN. Consequently, the acidity of the hydrogen atoms of the adjacent CB atom (W61 in the crystal structure) would be enhanced. One of these hydrogen atoms would be placed close to (~3 Å) the basic His90-Glu77 diad (Figure 6b ). Similar geometrical constraints can be found in the active site of the acyl-CoA dehydrogenase; in this enzyme, a concerted α,β-dehydrogenation of the substrate is proposed [22] [23] [24] . Hence, a similar reaction mechanism might occur in AtHal3. This 
(a) (b)
Structure would imply the transfer of one proton from CB to the His90-Glu77 diad followed by the expulsion of hydride from the CA to the N5 atom of FMN (Figure 6b ). The subsequent reoxidation of the FMN group could be achieved by the direct interaction of molecular oxygen with the water-accessible O4 atom of FMN. The exact match of the peptidyl cysteine sidechain with the narrow active-site cavity (Figure 6a ) would cause the system of water molecules to be expelled upon substrate binding. This will shield the reaction cavity from the solvent as in other flavoenzymes [16] . A peptidyl serine would also fit in the active site of AtHal3. However, the larger electronegative value of oxygen with respect to that of sulfur explains why the oxidation of a peptidyl serine is not likely to be catalyzed. From a thermodynamic point of view, the affinity of a hydroxyl group for the active site NH groups is reduced when compared with that of a thiol group. From the kinetic point of view, a sulfur atom hydrogen bonded to NH groups would be more activated than an oxygen atom; consequently, in the case of a cysteine residue, the hydrogen atoms bound to CB would be more acidic than with a serine residue.
As mentioned above, the active site is accessible from the center of an elongated groove located on the lateral side of the trimer. It is tempting to speculate that this groove would recognize a specific sequence of the peptidic cellular partner of AtHal3.
Regulatory activity of AtHal3
It has been proposed that ScHal3 and AtHal3 have a similar role in cellular physiology, regulating pathways related to the cell cycle and salt and osmotic stress [1, 7] . The cellular partner of AtHal3 has not been identified. In S. cerevisiae, however, de Nadal et al. [7] demonstrated that the homologous protein ScHal3 is a regulatory subunit of the protein phosphatase PPz1.
de Nadal et al. [7] propose that the regulation of PPz1 by ScHal3 can be explained through direct interaction between ScHal3 and the PPz1 C-terminal domain, resulting in inactivation of the phosphatase. However, this model may be oversimplified. For example, in vitro the interaction of ScHal3 with PPz1 is hindered by the functional N-terminal domain of PPz1 [7] . In addition, it is not known whether the ScHal3-PPz1 interaction is constitutive or modulated by stress. It is possible that the interaction is constitutive and that stress triggers the enzymatic activity of ScHal3, in turn modulating phosphatase activity. Future experiments will investigate the mechanism of regulation of PPz1 by ScHal3.
Our work shows that AtHal3 has an intrinsic dipole moment coincident with the threefold axis that defines the trimer. The dipolar moment ensures a directionality in the possible interaction with another cellular component. It is interesting that this dipole seems to be unrelated to the redox activity as the active site is accessible on the lateral side of the trimer. On the contrary, the intrinsic dipole moment reported for flavodoxin and the flavodoxin-like FMN-binding domain of human cytochrome P450 [25] ensures an approach of its partner to the FMN group. Hence, it seems that AtHal3 and the central domain of ScHal3 are designed to have a dual activity: first interacting with their molecular partner and then undergoing a redox reaction. It is tempting to speculate that this dual activity could be related to a novel selective regulatory mechanism that responds to the cellular environment.
Currently we are working on the crystallization of the AtHal3-Ppz1 and ScHal3-PPz1 complexes. The X-ray structure of these complexes, together with complementation studies of AtHal3 and ScHal3 mutants in the S. cerevisiae model system, will help us to understand crucial aspects of the mode of regulation of AtHal3 and ScHal3. Of particular interest are mutations of the catalytic residue His90 in AtHal3 and ScHal3, which is likely to abolish redox activity of these enzymes, and of some key residues on the surface of the trimer that would modulate the interaction with PPz1.
Biological implications
The progressive salinization of irrigated land in semi-arid regions has exposed plants to high salt concentrations. Plant molecular biologists have made great efforts to identify and elucidate the underlying mechanism that governs salt stress responses in order to engineer crop plants with greater salt tolerance [26] . The Arabidopsis thaliana protein AtHal3 is of interest to such studies as it is known to have a role in plant growth and salt and osmotic tolerance. AtHal3 was first characterized owing to its sequence homology with Saccharomyces cerevisiae Hal3 (ScHal3), a protein that regulates the PPz1 type 1 protein phosphatase via direct interaction [7] . Previous work [4, 8] has shown that yeast cells that overexpress ScHal3 or lack PPz1 display increased resistance to sodium and lithium. Three lines of evidence [1] suggest that the function of AtHal3 is conserved between yeast, plants and other eukaryotic organisms: transgenic Arabidopsis plants that overexpress AtHal3 display altered growth and osmoresistance phenotypes, similar to those observed in yeast cells that overexpress ScHal3; the overexpression of AtHal3 in a yeast mutant lacking ScHal3 partially rescues the phenotypes of ScHal3; and the AtHal3 sequence is conserved in a group of uncharacterized eukaryotic proteins. In addition, it has been demonstrated that AtHal3 contains a non-covalently bound FMN group. The fact that AtHal3 is a flavoprotein suggested that a redox process is also involved in the regulation of its cellular partner.
The analysis of the structure of AtHal3 suggests that this protein has a dual activity: the protein first interacts with its cellular partner and then catalyzes the α,β-dehydrogenation of a peptidyl cysteine. This dual activity could be related to a novel selective regulatory mechanism that responds to the cellular environment. The effect of AtHal3 and ScHal3 on cell growth and salt tolerance may represent the existence of a link between certain environmental conditions and the decision to progress through a new cell cycle. Our findings provide the structural basis for the recognition and regulation of the cellular partner for AtHal3-related proteins. The combination of structural and mutagenic analysis of AtHal3 might contribute to the generation of salt-tolerant crops -a challenge for modern plant biotechnology.
Materials and methods
AtHal3 was expressed and purified as described by Espinosa-Ruiz et al. [1] . The protein was concentrated to 10 mg/ml in buffer comprising 0.1 M Tris-HCl pH 7.5, 0.1 M imidazole and 5 mM β-mercaptoethanol.
Experiments were carried out at room temperature. Crystals were grown by vapour diffusion from drops containing AtHal3 and reservoir solutions (0.1 M Tris-HCl pH 7, 2.5 M ammonium sulfate) in a 2:1 ratio. For data collection, crystals were flash-cooled at 120K from a solution containing mother liquor plus 20% glycerol. The crystal structure of AtHal3 was solved by single isomorphous replacement using the anomalous information corresponding to one wavelength for one gold derivative (see Table 1 ). X-ray data from native and derivative were collected using CuKα radiation on an in-house source (Mar 345 imageplate detector on Enraf Nonius rotating-anode generator). Friedel pairs for the derivative were also collected. The data were processed using MOSFLM [27] in space group P6 3 . The coordinates of one site from the gold di-cyano aurate derivative were determined using the Patterson interpretation routine of SHELX [28] . All other sites were obtained by difference Fourier techniques. All calculations were performed using programs of the CCP4 package [29] and the final refinement and solvent-flattening were performed using SHARP [30] . The resulting experimental electron-density map was of good quality and unambiguously allowed the tracing of a polypeptide chain for AtHal3 using the program O [31] . The electron density was of poor quality for residues 173-179 and these were modeled; no density was visible for residues 1-17 and 203-209. The initial model was refined first using the simulated annealing routine of X-PLOR [32] . Several cycles of restrained refinement at 2.0 Å resolution using REFMAC [33] followed by interactive model building were carried out (see Table 1 ). The final electrondensity map for FMN is shown in Figure 7 . The stereochemistry of the model was verified with PROCHECK [34] . Ribbon figures were produced using MOLSCRIPT [35] , RASTER 3D [36] and O [31] . The accessible surface area of the AtHal3 trimer and protomer, and the electrostatic potential on the molecular surface of AtHal3 were calculated with GRASP [37] . Rigid-body superposition calculations were performed with MNYFIT [38] . The identification of the nickel atom in Final electron-density map for FMN contoured at 1σ.
a Superdex HR 10/30 column (Amersham Pharmacia). Both proteins eluted in the same fractions, approximately at 58% of the bed solvent volume (molecular weight of BSA is 68 kDa, estimated molecular weight for the AtHal3 trimer 69 kDa). Sodium dodecyl sulfate polyacrylamide gel electrophoresis showed two bands, one corresponding to the molecular weight of BSA and the other corresponding to the molecular weight of the AtHal3 protomer (23 kDa).
Accession numbers
The coordinates and structure factors amplitudes of AtHal3 have been deposited in the PDB (accession code 1E20).
